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Outline of talk

• Look before you leap - some cautionary remarks 
• Cosmography basics
• Limitations of the Cosmographic method 
- The difference between y and z parameterisations
- Testing the LCDM model
- Testing and reconstructing f(R) Dark Energy models
• Outlook and future work 

Work based on.....
- Busti, de la Cruz Dombriz, PD Saez-Gomez, PRD 92, 123512 (2015) 
- PD, Luongo, Int. J. Geom. Meth. Mod. Phys. 13, 1630002 (2016)



Dominates today!!       

CurvatureMatter Cosmological 
Constant

Deceleration parameter: measures change in 
expansion rate

Negative            acceleration        

q =
1
2
⌦M � ⌦⇤

⌦M + ⌦⇤ � ⌦K = 1

⌦K = 0

Cosmic Concordance or the Boring Universe

Because we do not know what DE is, it represents a large 
measure of ignorance in the standard model.



.....geometry is RW, there is NO dark 
energy, gravity is modified and the 
universe is accelerating.

The Concordance model provides us with a 
great phenomenological description, but..........  

The simplest alternatives...



.....geometry is NOT RW, there is NO 
dark energy, gravity is not modified and 
the universe is not accelerating.

The simplest alternatives...

The Concordance model provides us with a 
great phenomenological description, but..........  



Critically: in a LCDM model, on small scales, the late-time growth of 
perturbations is also a function of H(z).

In a FRW model the complete dynamics of the universe is determined by 
a single function of time, the scale factor. Hence the key observables are 
functionals of the Hubble parameter H(z).

A cautionary tale.....of Lambda

Rigidities between different sets of independent observables that 
can be used to test the underlying hypothesis of the model.
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It is possible to construct perturbed LTB models 
with the same background light-cone structure as a 
LCDM model  that give a    significantly different 
from 0.55

...so it is important to make sure that the 
FRW geometry holds when applying tests of 
GR based on observations of LSS.

�

A cautionary tale.....of Lambda

However.......

• PD, Goheer, Osano and Uzan (JCAP 2010)



• PD, Goheer, Osano and Uzan (JCAP 2010)
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FIG. 1: Reconstruction of the function m(r) (black, solid line)
and k(r) (blue dashed line) entering the definition of the LTB
geometry for a spacetime reproducing both DA(z) and ρm(z)
on the past light-cone. The light dotted lines correspond to
m(0) and k(0).

remind that the time drift of cosmological redshift in a
LTB universe takes the form [10, 23]

ż = (1 + z)H0 − H⊥(z), (2.28)

which generalized the original FL-expression [24]. Indeed
in a FL-model H⊥ = H∥ = H so that ż derives from
H(z), as any other background observations. However,
in our LTB-model H⊥ ̸= H∥ = HFL. This was used to
demonstrate that ż[z] allows to fully close the reconstruc-
tion system without resorting to making assumption on
the matter energy density profile along the light cone.

Figure 2 compares the expected time drifts of the cos-
mological redshift for the LTB- and FL-models. ∆z =
ż∆tobs has a typical amplitude of order 10−9 on a time
scale of ∆tobs = 20 yr, for a source at redshift z ∼ 4.
This measurement is impossible with present-day facili-
ties. However, it was recently revisited [25] in the context
of ELT, arguing they could measure velocity shifts of or-
der 110 cm/s over a 10 yr period from the observation
of the Lyman-α forest. It is one of the science drivers
in design of the CODEX ultrastable spectrograph [26]
for the future European ELT. Indeed, many effects, such
as proper motion of the sources, local gravitational po-
tential, or acceleration of the Sun may contribute to the
time drift of the redshift. It was shown [27, 28], however,
that these contributions can be brought to a 0.1% level so
that the cosmological redshift is actually measured. The
data points and error bars of Fig. 2 follows the forecast
of Ref. [26]. Our analysis confirms the recent analysis by
Ref. [29], which also suggests to use the cosmic parallax.

E. Discussion

The result of Fig. 2 demonstrates that the information
off the light-cone allows to distinguish a Λ-CDM from a
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FIG. 2: Time drift of the cosmological redshift for the stan-
dard Λ-CDM model (black, solid line) and a LTB-model (blue,
dashed line) designed to share the same observational relation
on the past light-cone. The data points follow the estimates
of Ref. [26] for a CODEX-like spectrograph on an ELT.

LTB-model specially designed to have the same luminos-
ity (or angular) distance redshift relation and the same
mass density-redshift relation as the a Λ-CDM. In the
case of a dark energy model both DL(z) and ż are mod-
ified, and little insight is gained on the equation of state
from adding the new information on ż [30]. The case
of the large scale inhomogeneity turns out to be differ-
ent and the ż observation would provide, when available,
an interesting extra-test of these models that cannot be
performed otherwise.

Indeed, Fig. 2 was obtained by forcing DA(z) to match
the ΛCDM prediction up to z ≃ 4 while SNIa data [2] ex-
tend roughly to z ∼ 1.6. Following e.g. Ref. [31], one can
try to design density profiles such that the LTB model re-
produces the ΛCDM-DA(z) at low redshift and becomes
homogeneous on large scales. Note that reproducing ρ
and DA of a flat-ΛCDM imposes that H⊥(z) = HFL(z).
Now, assuming that it fits żFL and ρ at high redshift im-
plies that H⊥ = H∥ = HFL. While attractive, such mod-
els seem however difficult to construct since they usually
require that M ′ < 0 between these two regimes.

This example demonstrates the complementarity of
these two observables since they concern two domains
of redshift. To go further in distinguishing such a model
from its FL-twin, we shall now consider the influence of
the large scale inhomogeneity on the growth of large scale
structures.

III. EVOLUTION OF DENSITY
PERTURBATION IN A LTB UNIVERSE

A general study of the perturbation theory around
a LTB background was performed using a coordinate
based approach in Ref. [32], and the general features of
the growth of density perturbations were discussed in
Ref. [33]. The goal of this section is to investigate the
evolution of the density contrast using the 1+1+2 for-
malism, and to obtain an approximation for the evolu-
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LTB-model specially designed to have the same luminos-
ity (or angular) distance redshift relation and the same
mass density-redshift relation as the a Λ-CDM. In the
case of a dark energy model both DL(z) and ż are mod-
ified, and little insight is gained on the equation of state
from adding the new information on ż [30]. The case
of the large scale inhomogeneity turns out to be differ-
ent and the ż observation would provide, when available,
an interesting extra-test of these models that cannot be
performed otherwise.

Indeed, Fig. 2 was obtained by forcing DA(z) to match
the ΛCDM prediction up to z ≃ 4 while SNIa data [2] ex-
tend roughly to z ∼ 1.6. Following e.g. Ref. [31], one can
try to design density profiles such that the LTB model re-
produces the ΛCDM-DA(z) at low redshift and becomes
homogeneous on large scales. Note that reproducing ρ
and DA of a flat-ΛCDM imposes that H⊥(z) = HFL(z).
Now, assuming that it fits żFL and ρ at high redshift im-
plies that H⊥ = H∥ = HFL. While attractive, such mod-
els seem however difficult to construct since they usually
require that M ′ < 0 between these two regimes.

This example demonstrates the complementarity of
these two observables since they concern two domains
of redshift. To go further in distinguishing such a model
from its FL-twin, we shall now consider the influence of
the large scale inhomogeneity on the growth of large scale
structures.

III. EVOLUTION OF DENSITY
PERTURBATION IN A LTB UNIVERSE

A general study of the perturbation theory around
a LTB background was performed using a coordinate
based approach in Ref. [32], and the general features of
the growth of density perturbations were discussed in
Ref. [33]. The goal of this section is to investigate the
evolution of the density contrast using the 1+1+2 for-
malism, and to obtain an approximation for the evolu-

w = w(z)

A couple of key observations

Redshift drift and other 
tests of the Copernican 
principle.

Determining the DE 
equation of state.

Moral of the story is that model and theory 
independent tests are needed...............



Assume that the Copernican Principle 
has been tested and holds true. Then ....



Cosmography basics
• In order to test General Relativity and the Copernican Principle, a useful 

tool is to use frameworks that are able to encompass a large class of 
models and theories.  

• Such model independent methods can in principle be used to infer the 
Dark Energy Equation of State and reconstruct classes of Dark Energy 
theories directly from cosmological observations.

• The Cosmographic method assumes only the Copernican Principle and an 
expansion of the FLRW scale factor in terms of an auxiliary variable, such 

• Weinberg, Gravitation and Cosmology: Principles and Applications of the 
General Theory of Relativity (1972).

• Harrison, Nature, 260, 591 (1976).



Cosmography basics
• In order to test General Relativity and the Copernican Principle, a useful 

tool is to use frameworks able to encompass a large class of models and 
theories.  

• Such model independent methods can in principle be used to infer the 
Dark Energy Equation of State and reconstruct classes of Dark Energy 
theories directly from cosmological observations.

• The Cosmographic method assumes only the Copernican Principle and an 
expansion of the FLRW scale factor in terms of an auxiliary variable, such 



Cosmography basics
• The coefficients of this expansion can be expressed in terms of the  

Cosmographic parameters as follows (neglecting the spatial curvature)

as an alternative independent variable, which ensures

that the series converges for the whole past history of the universe.  

• Or using

• Pade polynomials have also been used. 

• Cattoen & Visser, CQG 24, 5985 (2007)
• PD, Luongo, Int. J. Geom. Meth. Mod. Phys. 13, 1630002 (2016)

Fitting these parameters with observational data lead to model-independent 
constraints on DE models.



.....one might therefore conclude that the 
auxiliary variable y might perform better 
when fitting the Cosmographic 
parameters to data..



• Mock data generated from a fiduciary flat LCDM model with the same 
redshift distribution as the Union 2.1 catalogue and   

• 100 simulations for two sets of parameters with 

• How frequent do the true Cosmographic values fall in the 1, 2, 3 sigma 
confidence regions?

How does y actually stand up to z?



• Mock data generated from a fiduciary flat LCDM model with the same 
redshift distribution as the Union 2.1 catalogue and   

• 100 simulations for two sets of parameters with 

• How frequent do the true Cosmographic values fall in the 1, 2, 3 sigma 
confidence regions?

How does y actually stand up to z?

Biased estimators Well behaved results

Adding an extra 
parameter leads to 
an overestimation of 
errors



Comparison between the exact 
LCDM H(z) and what one 
obtains for     and     sets.       

For the z analysis, at z=1 the 
differences are around 0.6% 
for both orders of the 
expansion. However for y the 
differences are 9% for 4 
parameters and even larger 
for three parameters. 

The y parameterisation leads to 
much bigger errors, biasing     to 
smaller values and     and     to 
greater values than the true ones.    

How does y actually stand up to z?



Testing the LCDM model

• Mock realizations of data for a flat XCDM model

• Constraints for                                                        and direct constraint  

• Directly fitting the model spots deviations from LCDM more easily
• Some evidence of             with      but completely disappears 

when     is used !!!    

• Cosmographic prediction of LCDM is



Testing f(R) Dark Energy with Cosmography

No one to one correspondence between f(R) derivatives and 
Cosmographic parameters

Extra parameters



• Sensible priors for    and    required.

• Very tempting to choose 

Testing f(R) Dark Energy with Cosmography

• However, whenever these values are assumed, an instability occurs. 
This is related to the existence of sudden singularities at finite redshift. 

• Aviles et al, PRD 87, 044012 (2013)
• Pogosian & Silvestri, PRD 77, 023503 (2008)
• Frolov, PRL 101, 061103 (2008) 

In this case we have a Hu 
and Sawicki model with 
n=3, with LCDM initial 
conditions taken at z=0. 
The curvature singularity 
occurs at z~2.1.



Testing f(R) Dark Energy with Cosmography

Consider the toy theory: 

• Mock data generated from the exact background evolution with 
the same redshift distribution as the Union 2.1 catalogue

• Three simulations:  

True values of               ,                              , broad marginalization  

and

• Errors are very large for every case leading to a completely 
degenerate fit - wide range of f(R) theories lie in the 1 sigma region. 



Conclusions and future work
• Cosmography results depend both on the chosen auxiliary 

variable and the expansion order.

• The ability to spot deviations from LCDM is very limited 
with results again depending on the expansion order.

• For higher derivative theories, the need to impose priors or 
marginalization on extra free parameters lead to large 
errors making it impossible (at this stage) to distinguish 
between competing theories and perform any meaningful 
reconstruction.

• Further analysis and of a wide range of modified gravity 
models will be submitted to the archives next week - check 
it out!  



Home

The Cosmology and Gravity Group Group and the ACGC at the University of Cape Town are pleased to be

hosting the 2016 edition of the Beyond Concordance Model 2016 meeting; the second edition of its kind in

the meeting series. This conference series covers a broad range of topics related to Cosmology, such as

inhomogenous universes, backreaction, modified gravity, early universe and observational tests. The

format of the meetings encourages discussion and interaction in a relaxed atmosphere, bringing together

top-leading worldwide know experts on the subjects. 

Topics will include:

Surveying the Dark Universe

Dark Energy

Dark Matter

Simulations of Galaxies, Clusters, and the Universe

Modified Gravity

Inhomogeneous Universe

The meeting will take place from 28 November - 2 December 2016 in Cape Town, a Mediterranean

(equivalent to San Francisco or Vancouver in Africa) and spectacular city with two oceans coming together

and Table Mountain just behind our campus. The city is quite cosmopolitan with plenty of professionals

from all over the world settling here. Moreover, Cape Town lies in the winelands region, the source of

many legendary Cape wines plenty of mountainous surrounds, grand heritage and sumptuous restaurants

which have earned the Cape Winelands the right to call itself South Africa’s culinary capital. Sessions will

be held at the upper campus of the University of Cape Town, in the residential neighbourhood of

Rondebosch-Newlands and easily reachable to the vibrant city bowl district and the Waterfront and

Atlantic seaboard. 

The meetings are informal and there is a minimum registration fee covering lunch, coffee and conference

dinner. All participants wishing to give a talk about their work will be able to do so by submitting a title

and abstract when they register by the 15th of September 2016. 

The number of participants is limited to 60, so early registration is advised. Please note that there is a

limited amount of funding to support the participation of students. Applications for grants must be

submitted during registration by 15th of July 2016, with preference to students with limited funding

possibilities.
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